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The liver X receptors (LXRs) are nuclear receptors that form permissive heterodimers with retinoid X receptor (RXR) and are
important regulators of lipid metabolism in the liver. We have recently shown that RXR agonist-induced hypertriglyceridemia
and hepatic steatosis in mice are dependent on LXRs and correlate with an LXR-dependent hepatic induction of lipogenic genes.
To further investigate the roles of RXR and LXR in the regulation of hepatic gene expression, we have mapped the ligand-
regulated genome-wide binding of these factors in mouse liver. We find that the RXR agonist bexarotene primarily increases the
genomic binding of RXR, whereas the LXR agonist T0901317 greatly increases both LXR and RXR binding. Functional annota-
tion of putative direct LXR target genes revealed a significant association with classical LXR-regulated pathways as well as perox-
isome proliferator-activated receptor (PPAR) signaling pathways, and subsequent chromatin immunoprecipitation-sequencing
(ChIP-seq) mapping of PPAR� binding demonstrated binding of PPAR� to 71 to 88% of the identified LXR-RXR binding sites.
The combination of sequence analysis of shared binding regions and sequential ChIP on selected sites indicate that LXR-RXR
and PPAR�-RXR bind to degenerate response elements in a mutually exclusive manner. Together, our findings suggest extensive
and unexpected cross talk between hepatic LXR and PPAR� at the level of binding to shared genomic sites.

The liver plays a central role in the control of whole-body lipid
homeostasis, and hepatic lipid metabolism is continuously ad-

justed to fit the needs of the organism. This adaptation requires
major adjustments in the hepatic metabolic gene program, in-
cluding a strong upregulation of lipogenic gene expression in the
fed state, whereas in the fasting state, the expression of genes in-
volved in fatty acid oxidation as well as ketogenesis and hepatic
glucose production is highly induced. Class II nuclear receptors
(NRs), i.e., NRs forming heterodimers with retinoid X receptor
(RXR), play a key role in coordinating these changes. They include
the liver X receptor (LXR) (29, 57) and peroxisome proliferator-
activated receptor (PPAR) (32, 34, 41) families as well as farnesoid
X receptor (FXR) (44, 55, 88), pregnane X receptor (PXR) (5, 33),
vitamin D receptor (VDR) (43), constitutive androstane receptor
(CAR) (3, 9, 23), and retinoic acid receptors (RARs) (13).

The LXR family consists of the two subtypes, LXR� (NR1H3)
and LXR� (NR1H2), both of which form obligate heterodimers
with RXR. LXR-RXR heterodimers are reported to bind to LXR
response elements (LXREs) that consist of a direct repeat of the
core sequence 5=-AGGTCA-3= spaced by 4 nucleotides (DR4) (2,
72, 76, 79, 92). LXRs are activated by oxidized cholesterol de-
rivatives and play an important role in the regulation of cho-
lesterol homeostasis in the liver. Thus, pharmacological activa-
tion of LXR leads to the induction of several genes implicated
in reverse cholesterol transport and mobilization of choles-
terol, such as the ATP binding cassette (ABC) transporter genes
Abca1, Abcg1, Abcg5, and Abcg8 and the apolipoprotein E gene
(ApoE) (12, 31, 37, 60, 63, 84). Furthermore, a recent genome-
wide study of LXR in human hepatoma cells showed that LXR also

downregulates expression of the cholesterologenic genes for
lanosterol 14�-demethylase (Cyp51A1) and squalene synthase
(Fdst1) (89). Moreover, LXR activation induces triglyceride syn-
thesis partly through induction of the lipogenic transcription fac-
tors sterol regulatory element-binding protein 1c (SREBP-1c) (42,
61, 95) and carbohydrate response element-binding protein
(ChREBP) (8) but also by direct activation of genes encoding li-
pogenic enzymes such as fatty acid synthase (Fasn), stearoyl coen-
zyme A (CoA) desaturase (Scd1), and acetyl-CoA carboxylase 1
(Acaca) (11, 30, 78). Consistent with this, pharmacological activa-
tion of LXR in vivo results in hepatic steatosis and hypertriglycer-
idemia (70). Recently, activation of hepatic LXR has also been
shown to modulate the hepatic acute-phase response through re-
pression of haptoglobin gene (Hp) and serum amyloid A gene
(Saa1) expression (85). Due to the beneficial activation of reverse
cholesterol transport by LXR agonists (50, 63), considerable effort
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has been spent on developing LXR-activating drugs to treat con-
ditions involving excess cholesterol. However, the use of LXR ago-
nists is hampered by the concomitant induction of lipogenic genes
leading to hypertriglyceridemia and liver steatosis (70).

Members of the PPAR family are other key players in the reg-
ulation of hepatic lipid metabolism. All members of the family
bind as heterodimers with RXR to direct repeats spaced by 1 nu-
cleotide (DR1) (34, 52, 81), but they display significant subtype
specificity in their ability to activate target genes (7, 14, 51).
PPAR�, the most prominent PPAR subtype in the liver, is partic-
ularly important for hepatic induction of �-oxidation and keto-
genesis in response to fasting (32, 41). However, PPAR� is also
activated in response to a high-fat diet (56), and some data indi-
cate that PPAR� plays a role in induction of hepatic lipogenesis
and cholesterol metabolism (35, 53, 82). The two other subtypes,
PPAR� and PPAR�, are expressed at lower levels in murine liver.
PPAR� plays a role in the induction of the lipogenic gene program
during high-fat diet exposure and in various obesity models (4, 49,
56), whereas PPAR� seems to be involved in lipoprotein metabo-
lism (67).

Since both PPAR-RXR and LXR-RXR heterodimers are con-
sidered permissive (34, 38, 69, 73, 92), i.e., activated by agonists of
either heterodimeric receptors, treatment with RXR agonists has
the potential to activate lipogenesis through activation of the
LXR-RXR and PPAR�-RXR heterodimers as well as lipid catabo-
lism through the activation of PPAR�/�-RXR. Notably however,
treatment with RXR agonists such as bexarotene, which is used in
the clinic to treat various T-cell disorders (15–17), leads to hyper-
triglyceridemia in humans (48, 64, 77), and we recently demon-
strated that treatment of mice with bexarotene leads to hypertri-
glyceridemia and hepatic steatosis in an LXR-dependent manner
(38).

Recent breakthroughs in DNA sequencing technologies have
made it possible to generate detailed genome-wide maps of tran-
scription factor binding sites in a given cell type or tissue. These
global maps provide valuable tools for identification of novel tran-
scription factor binding sites and for establishing putative “tran-
scription factor-target gene” relationships. Furthermore, compar-
ison of different global genome-wide binding profiles can identify
genomic regions occupied by several transcription factors to es-
tablish novel putative transcription factor interactions and syner-
gies (21, 74, 87). Thus, in order to explore the architecture of the
hepatic LXR and RXR gene regulatory network and to assess how
this network is affected by LXR and RXR agonists, we performed
LXR and RXR chromatin immunoprecipitation-sequencing
(ChIP-seq) on the livers from LXR- and RXR agonist-treated
mice. This revealed extensive overlapping binding patterns
throughout the murine genome and significant association with
known LXR-regulated pathways. We find that bexarotene treat-
ment greatly increases the extent of RXR binding, whereas treat-
ment with the LXR agonist T0901317 leads to markedly increased
occupancy of both LXRs and RXRs. Interestingly, functional an-
notation of LXR-regulated genes revealed significant association
with PPAR signaling pathways, and subsequent ChIP-seq map-
ping of PPAR� binding revealed PPAR� binding to 71 to 88% of
the shared LXR-RXR binding sites. The combination of sequence
analysis of shared binding regions and sequential ChIP on selected
sites indicate that LXR and PPAR� bind to degenerate response
elements in a mutually exclusive manner in mouse liver. Taken
together, our findings point to unexpected functional cross talk

between LXR-RXR and PPAR�-RXR signaling pathways at the
level of binding to chromatin.

MATERIALS AND METHODS
Animal experiments. Mouse experiments with chronic ligand treatment
were performed as previously described (38). Briefly, wild-type or LXR�/
�-deficient female C57BL6 mice (13 weeks of age) (for ChIP-seq, n � 1
per condition) (1) were treated by oral gavage once daily for 14 days with
the RXR agonist bexarotene (100 mg/kg body weight [mpk], in 1% car-
boxymethyl cellulose), the LXR agonist T0901317 (T09) (30 mpk) or ve-
hicle alone. Vehicle- and agonist-treated animals were sacrificed at the
same time of the day (1 p.m.), and the livers were removed immediately
and snap-frozen in liquid nitrogen. For sequential chromatin immuno-
precipitation (ChIP-reChIP) experiments, wild-type male C57BL6 mice
were treated with 30 mpk T0901317 24 h and 8 h before they were eutha-
nized.

To assess LXR-PPAR cross talk, 13-week-old female C57BL6 mice
were treated by oral gavage with PPAR� agonist fenofibrate (FF) (200
mpk), LXR agonist T0901317 (T09) (30 mpk), both FF and T09 (200 and
30 mpk, respectively) or vehicle once daily for 5 days. On the day of
sacrifice, mice were forced to fast for 4 h. Blood was collected by retro-
orbital venipuncture while the mice were given isoflurane anesthesia. The
mice were euthanized by cervical dislocation, and their livers were har-
vested, flash frozen, and stored at �80°C until required.

Plasma and hepatic lipid analyses. Retro-orbital blood samples were
drawn in EDTA-coated tubes at sacrifice. Plasma was separated by low-
speed centrifugation and kept at 4°C and used within 3 days for biochem-
ical analysis. Plasma concentrations of total cholesterol (TC) and triglyc-
erides (TG) were determined by enzymatic assays using commercially
available reagents, and TC and TG from frozen liver tissue (50 mg) were
assayed as previously described (38).

ChIP, ChIP-seq, and ChIP-reChIP. For each ChIP experiment, chro-
matin was prepared from snap-frozen livers, homogenized in phosphate-
buffered saline (PBS), and cross-linked using 37% formaldehyde at a final
concentration of 1%. After incubation (for 10 min while rotating at room
temperature [RT]), 1M glycine was added to the cross-linked material to
a final concentration of 0.125 M and the material was incubated for 10
min while rotating at RT, pelleted by centrifugation at 400 � g for 2 min at
4°C, washed two times in cold PBS, and resuspended in lysis buffer (1%
Triton, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 1 mM EGTA, 20 mM Tris
[pH 8.0]) (200 �l/10 mg chromatin) before sonication according to the
manufacturer’s protocol using the Diagenode Bioruptor twin (twice for
20 cycles, 30 s on/off, maximum level). The samples were centrifuged for
2 min at 10,000 � g, and the supernatant was used for subsequent chromatin
IP using antibodies against RXR and PPAR� (sc553 and sc9000, respectively;
Santa Cruz), RNA polymerase II (AC-0555-100; Diagenode), or LXR (28).

For each IP, 200 �l chromatin was diluted one time in IP wash buffer
1 (1% Triton, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 1 mM EGTA, 20
mM Tris [pH 8.0], 2 �g/�l bovine serum albumin [BSA], and complete
protease inhibitor) and incubated with antibody for 3 h while rotating at
4°C before addition of protein A beads and a further incubation overnight
at 4°C while rotating. The beads were washed at 4°C twice with IP wash
buffer 1, once with IP wash buffer 2 (1% Triton, 0.1% SDS, 500 mM NaCl,
2 mM EDTA, 1 mM EGTA, 20 mM Tris [pH 8.0]), once with IP wash
buffer 3 (0.25 M LiCl, 1% NP-40, 1% deoxycholic acid, 1 mM EDTA, 0.5
mM EGTA, 10 mM Tris [pH 8.0]), and finally twice with Tris-EDTA
buffer, all at 4°C. DNA-protein complexes were eluted with 400 �l of
elution buffer (1% SDS and 0.1 M NaHCO3) and decross-linked by add-
ing NaCl to a final concentration of 0.2 M and shaking overnight at 65°C.
DNA was purified using phenol-chloroform and analyzed by quantitative
PCR or ChIP-seq, as described previously (52). ChIP primers denoted
“No gene” (forward primer, 5=-TGGTAGCCTCAGGAGCTTGC; reverse
primer, 5=-ATCCAAGATGGGACCAAGCTG) aligning to a genomic re-
gion on chromosome 15 with no binding of the NRs investigated were
used as a negative control.
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For ChIP-reChIP, chromatin from the first IP was eluted after the final
wash in 30 �l of 1% SDS and 10 mM fresh dithiothreitol (DTT) at 37°C
while shaking for 20 to 30 min and then diluted 60 times in IP wash buffer
1 and subjected to a second round of immunoprecipitation. DNA was
subsequently eluted and purified as described above.

Gene expression. RNA was prepared from frozen liver samples, and
relative mRNA levels were determined by quantitative reverse
transcription-PCR (RT-PCR) and normalized to cyclophilin A (peptidyl-
prolyl isomerase A [Ppia]) as described previously (39). Primer sequences
used for quantitative PCR (qPCR) are available upon request.

Electrophoretic mobility shift assay. In vitro translations were per-
formed using a TNT kit according to the recommendations of the man-
ufacturer (Promega). Double-stranded oligonucleotides were labeled
using [�-32P]ATP and polynucleotide kinase (Roche Molecular Biochem-
icals). In vitro-translated proteins were incubated for 20 min on ice in
binding buffer [10 mM Tris (pH 8.0), 40 mM KCl, 1 mM dithioerythritol,
4% glycerol, 0.05% Nonidet P-40, and 2.4 �g of poly(dI-dC)]. Subse-
quently, 50 fmol (�2 � 105 cpm) of 32P-labeled oligonucleotide was
added, and the mixture was incubated for 20 min at room temperature.
Free DNA and DNA-protein complexes were resolved by electrophoresis
in 0.5� Tris-borate-EDTA (TBE) on 5% polyacrylamide gels.

Bioinformatic analyses. Wiggle files for visualization of ChIP-seq
data were generated by determining the number of overlapping sequence
reads per base pair, averaged over a 10-bp window. Peaks were called
using FindPeaks 4 (18) with the following parameters: 0.1 for subpeaks
and 0.3 for trim-peaks. All peaks with less than 10 overlapping reads were
discarded. De novo motifs were generated with GimmeMotifs version 0.60
(83) with analysis size xl and the tools Mdmodule, MEME, MotifSampler,
trawler, Improbizer, BioProspector, and GADEM. All other parameters
were set at the default.

For all motif analyses, randomly selected genomic sequences with a
similar distribution relative to the transcription start sites (TSS) of genes
with peaks were used as background. The de novo motif analysis was per-
formed using the pwmscan.py utility included with GimmeMotifs. An indi-
vidual motif-scanning threshold for both DR1 and DR4 was chosen to
result in the same fraction of hits in the background sequences (1 every
100 sequences, or a false discovery rate [FDR] of 1%). The direct, inverted,
and everted repeat motif analysis was carried out using pwmscan.py in
combination with a custom Python script. All peaks were scanned for
low-similarity matches to the half-site RGKTCA (converted to a position
frequency matrix for use with pwmscan.py). The minimum match quality
was defined as a pwmscan.py cutoff score of 0.8. Subsequently, all putative
half-sites were combined and scored as direct, everted, or inverted repeats
with a minimum spacer of 0 nucleotides and a maximum spacer of 5. All
possible combinations per sequence with at least one half-site with a near
perfect score (cutoff of 0.99) were reported.

Putative LXR-regulated genes were defined on the basis of RNA poly-
merase II ChIP-seq data as LXR-induced or -repressed genes. Putative
genes were considered induced if the following condition was met: no. of
tags for T09-treated WT mice/no. of tags for Veh-treated WT mice �
mean plus 1.5SD, where no. is number, WT is wild type, Veh is vehicle,
and 1.5SD is the standard deviation multiplied by 1.5. Putative genes were
considered repressed if the following condition was met: no. of tags for
Veh-treated WT mice/no. of tags for T09-treated WT mice � mean plus
1.5SD. T09-regulated genes were considered LXR dependent if following
condition was met: [(no. of tags for Veh-treated WT mice/no. of tags for
T09-treated WT mice)/(no. of tags for Veh-treated LXRdKO mice/no. of
tags for T09-treated LXRdKO mice)] � mean plus 1.5SD.

RESULTS
Genome-wide mapping of hepatic LXR and RXR binding sites.
In order to generate genome-wide maps of LXR and RXR binding
to chromatin in mouse liver, we performed ChIP-seq for each NR
using cross-linked liver chromatin from mice treated with vehicle,
the RXR agonist bexarotene (LGD1069, Targretin) (20) or the

LXR agonist T0901317 (70), respectively. The RXR antibody has
been tested extensively and used previously (51, 52, 74), and care-
ful testing of the LXR antibody using chromatin samples from
wild-type (WT) and LXR�/� double knockout (LXRdKO) mice
confirmed the specificity of this antibody (Fig. 1A). From the
ChIP-seq data, we generated genome-wide high-resolution maps
of LXR and RXR binding sites using FindPeaks (FDR level of
�0.001) (18). The number of mapped sequence tags obtained (see
Table S1 in the supplemental material) was equalized for the dif-
ferent ChIP-seq reads to obtain the same number of total tags in all
RXR reads and, similarly, the same number of tags in all LXR
reads. We detected 12,605, 20,630, and 23,997 RXR binding sites
in the livers from WT mice treated with vehicle, bexarotene, and
T0901317, respectively (Fig. 1B). These binding profiles are rather
distinct from RXR binding in 3T3-L1 cells (52) with only 12% of
the liver RXR binding sites (vehicle treated) overlapping with RXR
binding in 3T3-L1 cells on day 6 (see Fig. S1 in the supplemental
material). For the LXR profiles, we identified 3,771, 4,524, and
15,782 LXR binding sites in vehicle-, bexarotene-, and T0901317-
treated animals, respectively, and found that 81 to 93% of all LXR
binding sites are shared with RXR (Fig. 1B), consistent with the
notion that LXR binds to DNA as an obligate heterodimer with
RXR. In contrast, shared LXR-RXR binding sites constitute only
26% and 20% of the RXR binding sites during vehicle or bexaro-
tene treatment, respectively, in agreement with the ability of RXR
to form heterodimers with several other NRs. However, following
T0901317 treatment, the number of LXR sites increases, and LXR
becomes associated with 53% of all RXR binding sites. The num-
ber of reads per peak for both receptors in the vehicle-treated
condition showed that the group of shared binding sites is clearly
distinct from the LXR- and RXR-specific groups (Fig. 1C), indi-
cating that true “LXR-only” and “RXR-only” sites exist. Similar
results were obtained for the bexarotene- and T0901317-treated
animals (see Fig. S2 in the supplemental material).

Using PinkThing (http://pinkthing.cmbi.ru.nl), we assigned
hepatic LXR-RXR binding sites (12,806 in total) by proximity to a
total of 5,524 genes (Fig. 1D). This analysis showed that LXR-RXR
binding sites are distributed throughout the genome like other
NRs analyzed by global ChIP experiments (10, 52, 75, 91) with
50% of all sites in introns and only 11% in the proximal 5=
region of the nearest gene. Notably, 35% of all binding sites and
70% of the intragenic binding sites are located in exon 1 and
intron 1 (Fig. 1D).

Comparison of genomic LXR binding in livers exposed to ve-
hicle and to LXR and RXR agonists showed that the number of
LXR binding sites increases dramatically by chronic treatment
with LXR agonist, whereas treatment with RXR ligand results in
only a modest increase in the number of LXR binding sites (Fig. 1B
and 2A). Similarly, LXR peak intensities (number of sequence tags
recovered in peak-detected areas) are markedly increased by treat-
ment with T0901317 but only slightly increased by treatment with
bexarotene (Fig. 2B). In contrast, both the number of RXR bind-
ing sites and the intensity of RXR binding are strongly increased by
bexarotene as well as T0901317 treatment (Fig. 2C and D). The
ligand-induced binding of RXR and LXR was validated by ChIP-
qPCR at selected sites using livers from 4 different animals per
group (Fig. 2E and F). The results demonstrate that the ChIP-
qPCR faithfully mimics the ChIP-seq binding profiles at these sites
(see Fig. S3 in the supplemental material; also data not shown).
Thus, LXR and RXR binding can be induced specifically by bex-
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arotene (Dysf intron), specifically by T0901317 (Pdgfa �25kb,
Ahsa1 �25kb, Foxj2 �1.4kb, and Abcg5 �29kb) or by both li-
gands (Ccdc25 �7kb) (Fig. 2E and F). In contrast, binding to the
SREBP-1c (Srebf1 product) LXRE, which is already highly occu-
pied by LXR in vehicle-treated liver, is not significantly induced by
ligand treatment. Interestingly, for sites with LXR-dependent
RXR binding, i.e., sites where RXR binding is lost in livers from
LXRdKO mice (see Fig. S3A to S3D), RXR occupancy is highly
dependent on the LXR agonist in WT mice. This shows that at
least for some sites the occupancy of the LXR-RXR heterodimer is
primarily responsive to the LXR agonist.

We also compared the identified LXR-RXR binding profiles
with ENCODE DNase I hypersensitivity (DHS) whole-genome
data from mouse liver (59) and found that 98.9% of the LXR-RXR
binding sites were located within open chromatin regions (Fig.
2G, DHS FDR of �0.01). Notably, the average DNase I hypersen-
sitivity was higher at T0901317-independent LXR-RXR binding
sites present in vehicle-treated mice compared to the T0901317-
dependent LXR-RXR binding sites that arise following LXR acti-
vation with T0901317 (Fig. 2H). Correlating with this, the average

LXR peak intensity following T0901317 treatment was higher at
the T0901317-independent binding sites compared to the
T0901317-dependent binding sites (Fig. 2I). These findings sug-
gest that chromatin accessibility may predetermine the ability of
LXR to bind to DNA in mouse liver and that LXR agonism enables
LXR to bind to sites that are less accessible.

In summary, the ChIP-seq data show that LXR binding over-
laps with RXR binding sites in mouse liver and that exposure to an
LXR agonist enhances occupancy of both LXR and RXR to their
target sites, whereas exposure to bexarotene primarily increases
occupancy of RXR, presumably through other RXR heterodimers
than LXR-RXR. These changes in NR occupancy are mainly at-
tributed to specific activation of RXR and LXR, since the expres-
sion levels of the predominant RXR and LXR isoforms in the liver,
RXR� and LXR� (6, 47, 62) are only minimally affected by ligand
treatment as measured by quantitative real-time PCR (see Fig. S4
in the supplemental material).

Identification of putative direct LXR target genes. To assess
the effects of long-term agonist treatment on hepatic gene tran-
scription, we performed RNA polymerase II (RNAPII) ChIP-seq

FIG 1 Genome-wide mapping of LXR and RXR binding sites in mouse liver. (A) LXR ChIP-qPCR on the livers from wild-type (WT) and LXR�/�-
deficient (LXR double knockout [LXRdKO]) mice gavaged with the LXR agonist T0901317 (30 mg/kg body weight [mpk]) once daily for 14 days. Sterol
regulatory element-binding protein 1c (SREBP-1c) (61) and carbohydrate response element-binding protein (ChREBP) (8) LXREs were used as positive
controls for LXR binding, whereas “No gene” is a negative control (see Materials and Methods for details). Bars represent the means plus standard
deviations (SD) (error bars) (n � 3). (B) Venn diagrams representing the number of “LXR only” (blue), “RXR only” (yellow), and shared LXR-RXR
binding sites (green) in mouse liver detected by ChIP-seq. Mice were gavaged with vehicle (1% carboxymethyl cellulose), the RXR agonist bexarotene (100
mpk), or the LXR agonist T0901317 (30 mpk) once daily for 14 days. Peaks were called using FindPeaks (FDR � 0.001). (C) Scatterplots illustrating the
intensity of LXR and RXR binding in vehicle-treated mouse liver (log2 number of reads per peak) at sites that are defined as LXR specific (blue), RXR
specific (red), and shared (green). The percentages indicate the fractions of sites that are above or below the broken line. (D) Genomic positions of shared
LXR-RXR binding sites in T0901317-treated mouse liver relative to the nearest gene (PinkThing) are shown as follows: Distant, distance to the TSS � 25
kb; 5=far, 25 to 5 kb upstream of the TSS; Promoter, �5 kb upstream of the TSS; Intragenic, intragenic peaks downstream of intron 1; 3=near, �5 kb
downstream of the 3= end; 3=far, 5 to 25 kb downstream of the 3= end.
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and counted the number of recovered tags within gene bodies
(position plus 250 to the end of gene) as previously reported (52).
Gene transcription was analyzed in WT and LXRdKO mice
treated with vehicle or T0901317, respectively. This analysis iden-
tified a total of 161 genes (59 induced genes and 102 repressed
genes) regulated by T0901317 in an LXR-dependent manner (see
the gene list in Table S2 in the supplemental material). Functional
annotation of the LXR-dependent T0901317-induced genes using
DAVID (25) revealed that this group of genes is significantly as-

sociated with the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways classically connected to LXR regulation, in-
cluding pathways involved in lipid and bile acid metabolism (Ta-
ble 1). Likewise, genes involved in complement and coagulation
cascades were significantly downregulated during T0901317 treat-
ment in an LXR-dependent manner. Intriguingly, two distinct sets
of genes associated with PPAR signaling were also significantly
induced or repressed, respectively, by LXR-mediated T0901317
action (see Table S2). The PPAR-associated group of genes in-

FIG 2 Assessment of genomic LXR and RXR binding in mouse liver during treatment with LXR and RXR agonists. Mice were gavaged with vehicle (Veh) (1%
carboxymethyl cellulose), the RXR agonist bexarotene (Bexa) (100 mpk), or the LXR agonist T0901317 (T09) (30 mpk) once daily for 14 days. (A and C) Venn
diagrams representing the number of genome-wide binding sites of LXR (A) and RXR (C) in livers from mice treated with vehicle (yellow), bexarotene (red), and
T0901317 (blue). (B and D) Box plots illustrating the number of tags per LXR peak (B) and RXR peak (D) at sites that are conserved between the different
treatments (gray area in panels A and C). (E and F) ChIP-qPCR validation of ligand-dependent RXR binding (E) and LXR binding (F) to selected loci identified
by ChIP-seq (see Fig. S3 in the supplemental material) (n � 4). Values that are significantly different from the vehicle by one-way analysis of variance (ANOVA)
are indicated as follows: �, P � 0.01; �, P � 0.05. (G) Venn diagram representing the number of LXR-RXR binding sites in vehicle- and T0901317-treated mice
and overlap with ENCODE DNase I-hypersensitive (DHS) sites. (H and I) Box plots illustrating the number of DHS (H) and LXR (I) tags per peak in overlap with
T0901317-independent and T0901317-dependent LXR binding sites. For all box plots, the rectangles show the interquartile ranges (IQR) from the first quartile
to the third quartile and the lines in the middle of the boxes represent the medians. The whiskers are drawn to the nearest value not exceeding 1.5 times the IQR,
and outliers are not shown. Wilcoxon test with Bonferroni’s correction was used.
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duced by T0901317 in an LXR-dependent manner was mainly
involved in lipogenesis and fatty acid oxidation, whereas the
PPAR-associated group of genes repressed by T0901317 was
mainly involved in lipoprotein metabolism (data not shown).
This suggests that cross talk exists between hepatic LXR- and
PPAR-regulated pathways.

Regulated genes with associated shared LXR-RXR genomic
binding sites were identified using PinkThing, which uses the
nearest gene for peak assignment. This revealed a total of 104
putative direct LXR target genes (36 induced and 68 repressed).
Binding of LXR to regions near these genes is in all cases except
one (Foxq1) higher in T0901317-treated liver compared to
vehicle-treated liver as determined by the LXR association
strength (54) (see Table S2 in the supplemental material). The
putative direct LXR targets include the genes encoding the

stearoyl-CoA desaturase 1 (SCD1) and the enoyl-coenzyme A,
hydratase/3-hydroxyacyl coenzyme A dehydrogenase (Ehhadh).
We identified several novel LXR-RXR binding sites in the Scd1
locus that display strong association with LXR-RXR compared to
the previously characterized LXRE in the proximal promoter (11)
(Fig. 3A). Similarly, we identified several LXR-RXR binding sites
in the Ehhadh locus (Fig. 3B), a locus previously shown to be
regulated by both LXR and PPAR� (24, 40). Importantly, all
T0901317-regulated genes that were assigned to significantly en-
riched KEGG pathways (P value � 0.05) in our data set, have
nearby shared LXR-RXR binding sites (Table 1), indicating that
these genes are indeed direct LXR targets.

LXR is not required for RXR association with the majority of
LXR-RXR binding sites. To further examine RXR binding to
shared RXR-LXR sites, we analyzed the genome-wide RXR bind-
ing in LXRdKO mice treated with vehicle, the LXR agonist
T0901317, or the RXR agonist bexarotene. As expected, the
T0901317-induced increase in the number of RXR binding sites in
WT liver (23,997 sites in T0901317-treated mice versus 12,605 in
vehicle-treated mice [Fig. 2C]) is absent in the LXRdKO liver
(13,609 sites in T0901317-treated mice versus 14,337 in vehicle-
treated mice [Fig. 4A]). Similarly, the increased intensity of RXR
binding in WT liver following T0901317 treatment is also com-
promised in the LXRdKO liver (Fig. 4B), confirming that the ef-
fects of the LXR agonist are almost entirely dependent on LXR. In
contrast, the bexarotene-induced RXR binding to target sites is
maintained and even enhanced in the LXRdKO liver (see Fig. S5 in
the supplemental material). Moreover and quite surprisingly, we
observed that RXR in LXRdKO mice is still binding to the majority
of the shared LXR-RXR binding sites identified in WT mice (Fig.
4C), indicating that RXR also binds to these sites either as a ho-
modimer or by forming heterodimers with other NRs. An exam-
ple of this is the LXR-RXR site at the Ccdc25 �7kb region, where
LXR and RXR occupancy is induced by both RXR and LXR ago-
nism in the WT liver (Fig. 2E and F; see Fig. S6 in the supplemental
material). RXR occupancy at this site is maintained in the
LXRdKO liver and induced by bexarotene (see Fig. S6), indicating
that this site is occupied by LXR-RXR as well as other RXR-
containing dimers in WT mice.

Presumably, RXR binding sites that are lost in the LXRdKO
mice (LXR-dependent RXR occupancy) represent sites where
RXR binds only as a heterodimer with LXR and not with other
receptors, whereas sites that are maintained in the LXRdKO mice
(LXR-independent RXR occupancy) represent sites where RXR
can bind with other receptors as well. To investigate how agonists
affect RXR occupancy at these two different types of sites, we de-
termined the RXR occupancy at 212 LXR1-dependent and 7,815
LXR-independent LXR-RXR binding sites in WT mice that show
an absence of RXR binding in LXRdKO mice (Fig. 4D). This
showed that LXR-independent binding sites on average have a
significantly higher RXR occupancy, probably reflecting that
more RXR heterodimers can bind to these sites. Notably however,
RXR occupancy at both types of sites is similarly responsive to RXR
and LXR agonist. This shows that, unlike what the few examples of
LXR-dependent binding sites in Fig. 2E indicated, RXR occupancy at
LXR-dependent sites is induced by bexarotene as well as T09. Thus,
although LXR-RXR binding at some sites may be particularly respon-
sive to T09, overall the occupancy of the LXR-RXR heterodimer is
increased by both RXR and LXR agonism.

The finding that RXR binding to LXR target sites is maintained

TABLE 1 Putative direct LXR target genesa

Gene type and KEGG pathway
(KEGG pathway identifier)

No. of
genes P value

% of genes
with the
adjacent
LXR-RXR peak

LXR-induced genes (59 genes, 63%
with peaks)

PPAR signaling pathway
(mmu03320)

7 3.32E�05 100

Polyunsaturated fatty acid
biosynthesis (mmu01040)

4 8.82E�05 100

Limonene and pinene
degradation (mmu00903)

3 0.008 100

Benzoate degradation via CoA
ligation (mmu00632)

3 0.010 100

Bile acid biosynthesis
(mmu00120)

3 0.013 100

Glycerolipid metabolism
(mmu00561)

3 0.019 100

Valine, leucine, and isoleucine
degradation (mmu00280)

3 0.021 100

Fatty acid metabolism
(mmu00071)

3 0.022 100

Fatty acid biosynthesis
(mmu00061)

2 0.032 100

Glycerophospholipid
metabolism (mmu00564)

3 0.042 100

LXR-repressed genes (102 genes,
70% with peaks)

Complement and coagulation
cascades (mmu04610)

8 3.21E�06 100

PPAR signaling pathway
(mmu03320)

5 0.005 100

a Putative direct LXR target genes were identified by selecting genes with an adjacent
LXR-RXR binding site(s) and counting the recovered RNA polymerase II ChIP-seq tags
within gene bodies (position plus 250 to the end of the gene) in wild-type (WT) and
LXR�/� double knockout (LXRdKO) mice treated with vehicle (Veh) or T0901317
(T09), respectively. LXR-regulated genes were defined as induced genes if the following
condition was met: no. of tags for T09-treated WT mice/no. of tags for Veh-treated WT
mice � mean plus 1.5SD, where no. is number and 1.5SD is the standard deviation
multiplied by 1.5. They were defined as repressed genes if the following condition was
met: no. of tags for Veh-treated WT mice/no. of tags for T09-treated WT mice � mean
plus 1.5SD. T09-regulated genes were considered LXR dependent if following condition
was met: [(no. of tags for Veh-treated WT mice/no. of tags for T09-treated WT mice)/
(no. of tags for Veh-treated LXRdKO mice/no. of tags for T09-treated LXRdKO mice)]
� mean plus 1.5SD.
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in the absence of LXR prompted us to investigate the nature of
potential nuclear hormone response elements (NHREs) under the
LXR-RXR peaks. We determined the enrichment of direct, in-
verted, and everted repeats of the core sequence RGKTCA sepa-

rated by 1 to 5 nucleotides (DR1 to DR5, IR1 to IR5, and ER1 to
ER5) under the shared LXR-RXR binding sites relative to random
genomic regions (Fig. 4E). We found that all NHREs are enriched
at the shared LXR-RXR binding sites and that the DR4 motif, as

FIG 3 LXR, RXR, and RNA polymerase II (RNAP2) binding to the Scd1 (A) and Ehhadh (B) gene loci in mouse liver. UCSC Genome Browser tracks derived from
LXR, RXR, and RNAPII ChIP-seq data are shown. The black arrow shows the position of a previously reported LXRE (11).

FIG 4 LXR is not required for binding of RXR to the majority of LXR-RXR binding sites. (A) Venn diagram showing the number of RXR binding sites in the livers of LXR dKO
mice treatedwithvehicle (veh)(yellow),bexarotene(bexa)(red), andT0901317(T09)(blue). (B)Boxplot illustrating thenumberof tagsperRXRpeakat sites thatareconserved
betweenthedifferenttreatments inpanelA.Valuesthataresignificantlydifferent(P�2.2e�16byWilcoxontestwithBonferroni’scorrection)fromthoseofvehicle-treatedmice
areindicatedbyanasterisk.(C)Venndiagramshowingthenumberofgenome-wideRXRbindingsites intheliversofT0901317-treatedWT(red)andLXRdKOmice(blue)and
overlap with LXR binding sites in T0901317-treated WT mice (yellow). (D) RXR occupancy at LXR-RXR sites in WT mice (shared between vehicle-, bexarotene-, and
T0901317-treated animals) that are present (LXR independent) or absent (LXR dependent) in LXRdKO mice. (E) Relative overrepresentation (fold enrichment compared to a
random background) of direct, inverted, and everted repeats with the core sequence RGKTCA under LXR-RXR peaks where RXR binding is either LXR independent
(gray) or LXR dependent (orange). For all box plots, the rectangles show the IQR from the first quartile to the third quartile and the lines in the middle of the boxes
represent the medians. The whiskers are drawn to the nearest value not exceeding 1.5 times the IQR, and outliers are not shown.
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expected, is particularly enriched. Notably, the DR1, IR1, and ER2
motifs are also highly enriched, especially in the fraction of LXR-
RXR binding sites where RXR binding is maintained in the
LXRdKO liver. These data indicate that at the majority of LXR-
RXR binding sites, RXR can also bind with dimerization partners
other than RXR, in particular some that bind to either DR1, IR1,
or ER2 elements.

Extensive overlap between LXR and PPAR� binding and
gene programs. The overrepresentation of DR1 elements at
shared LXR-RXR binding sites combined with the significant as-
sociation of putative direct hepatic LXR target genes with PPAR-
regulated pathways suggested the existence of cross talk between
hepatic PPAR and LXR signaling. In the liver, PPAR� is the dom-
inant PPAR subtype, and in order to determine whether LXR and
PPAR� bind to common genomic sites, we performed PPAR�,
RXR, and LXR ChIP-qPCR on a number of LXR-RXR binding
sites in WT and PPAR� KO mice, respectively. Interestingly,
PPAR� occupies the LXR-RXR binding site of the putative en-
hancer in intron 1 of the Ehhadh gene (Fig. 5A) as well as several
other LXR binding sites (data not shown). The fact that this bind-
ing is dependent on functional PPAR� confirms the specificity of

the antibody. We also found LXR binding sites that are not signif-
icantly occupied by PPAR�, such as the SREBP-1c LXRE (61), and
PPAR� target sites that are not occupied by LXR, such as the
peroxisome proliferator response element (PPRE) in intron 1 of
the angiopoietin-like 4 gene (Angptl4) (46) (Fig. 5A). Notably,
LXR binding to the common binding site in the Ehhadh locus is
not affected by lack of functional PPAR�, indicating that the bind-
ing of the two factors is not interdependent. In contrast, there is
increased binding of both LXR and RXR to the SREBP-1c LXRE in
PPAR� KO mice.

To determine the extent of the overlap between LXR and
PPAR� binding sites at a genome-wide level and to identify novel
putative coregulated genes, we performed PPAR� ChIP-seq on
chromatin isolated from both WT and LXRdKO livers. We iden-
tified 16,005 PPAR� binding sites in vehicle-treated WT liver, and
as expected, a major part of these (53%) are shared with RXR (Fig.
5B). Interestingly, we observed that 88% of all shared LXR-RXR
binding sites in vehicle-treated animals are also associated with
PPAR�, suggesting that the majority of LXR target genes may be
coregulated by PPAR�. In vehicle-treated liver, LXR cooccupies
19% of the PPAR� binding sites (Fig. 5B and C), whereas after

FIG 5 Genome-wide overlap between LXR and PPAR� binding sites in mouse liver. (A) PPAR�, LXR, and RXR ChIP-qPCR on selected loci in the livers of
wild-type (WT) and PPAR� knockout (KO) mice. Bars represent the mean plus range of two independent experiments. (B) Venn diagram representing the
overlap between PPAR�, LXR, and RXR binding sites in the livers of vehicle-treated WT mice. (C) Scatterplots illustrating the intensity of LXR and PPAR�
binding in vehicle-treated mouse liver (log2 number of reads per peak) at sites that are defined as LXR specific (blue), PPAR� specific (red), and shared (green).
The percentages indicate the fractions of sites that are above or below the broken line. (D) Venn diagram representing the overlap between PPAR� binding sites
in vehicle-treated WT liver with LXR and RXR binding sites in T0901317-treated (T09) WT liver. (E) Boxplot representing the number of PPAR� ChIP-seq tags
per peak in clusters that do not overlap with RXR and LXR binding (red), overlap with only RXR (orange) and overlap with both RXR and LXR (gray). Wilcoxon
test with Bonferroni’s correction was used. For all box plots, the rectangles show the IQR from the first quartile to the third quartile and the lines in the middle
of the boxes represent the medians. The whiskers are drawn to the nearest value not exceeding 1.5 times the IQR, and outliers are not shown.
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T0901317 treatment, LXR becomes associated with 58% of the
PPAR� binding sites identified in vehicle-treated liver (Fig. 5D).
No nonspecific binding of LXR and PPAR� antibodies was found
at shared binding sites investigated by ChIP-qPCR in LXRdKO
and PPAR�KO mice, respectively (data not shown). Notably, the
average intensity of PPAR� genomic binding is significantly
higher on shared LXR/RXR/PPAR� target sites compared to
“PPAR�-only” and PPAR�-RXR sites, indicating that in mouse
liver LXR occupies most strong, high-confidence PPAR� binding
sites (Fig. 5E). Indeed, within the Ehhadh locus, the PPAR� bind-
ing site with the highest intensity is the shared LXR/RXR/PPAR�
binding site in the first intron (Fig. 6A). Importantly, PPAR� oc-
cupancy at this site as well as at most other shared binding sites
(Fig. 6A to D and data not shown) is not dependent on LXR,
although the total number of PPAR� binding sites is reduced from
16,005 to 9,561 in LXRdKO mice compared to the WT mice (see
Fig. S7 in the supplemental material). This excludes the possibility
that PPAR� is primarily binding via tethering to LXR.

Other examples of genomic regions cooccupied by LXR/RXR/
PPAR� include intron 1 of the 1-acylglycerol-3-phosphate-O-
acyltransferase 2 (Agpat2) gene (Fig. 6B), the PPRE in the proxi-
mal glucose-6-phosphatase (G6pc) promoter (27) (Fig. 6C) and
the proximal promoter of the AMP-activated protein kinase
(AMPK) family member salt-inducible kinase 1 gene (Sik1) (Fig.
6D), which has been shown to repress hepatic gluconeogenesis via

phosphorylation of TORC2 (36) and induce hepatic lipogenesis
by modulating SREBP-1c activity (93). However, the ChIP-seq
analyses confirmed that there are also a large number of PPAR�-
RXR binding sites that do not display any significant overlap with
LXR binding, e.g., the proximal promoter of Hmcs2 (see Fig. S8B
in the supplemental material), which has previously been shown
to contain a PPRE in the rat genome (65). Similarly, there are
several LXR binding sites that are not cooccupied by PPAR� such
as the previously mentioned SREBP-1c LXRE (61) (see Fig. S8A).
Notably, when comparing our data with ENCODE DHS data
from mouse liver, we find that the shared LXR/RXR/PPAR� bind-
ing sites are located in more open chromatin regions compared to
“PPAR�-RXR-only” and “LXR-RXR-only” binding sites (see Fig.
S9A and S9B). Whether these sites are more open due to the bind-
ing of multiple nuclear receptor complexes or whether more re-
ceptors bind to the sites because they are more open remains to be
determined.

LXR and PPAR� bind to overlapping sites with degenerate
DR elements. LXRs and PPARs are known to mediate their re-
sponses by binding with high specificity to DR4 (76, 79, 92) and
DR1 (34, 81) elements, respectively. The extensive overlap be-
tween LXR and PPAR� binding in mouse liver may arise by prox-
imity of DR1 and DR4 elements at a high percentage of the bind-
ing sites. Alternatively, LXR and PPAR� may bind to overlapping
sequences, either through tethering or through alternating direct

FIG 6 UCSC Genome Browser tracks derived from ChIP-seq data showing LXR, PPAR�, RXR, and RNAP2 binding to the Ehhadh (A), Agpat2 (B), Gbpc (C),
and Sik1 (D) loci. The black arrows indicate overlapping binding of LXR, PPAR�, and RXR.
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binding. The latter would require a promiscuity in binding that is
far greater than what is observed in in vitro binding assays (34, 76,
79, 92). To address these possibilities, we first determined the
relative enrichment of DR1 to DR5 elements with the core se-
quence RGKTCA at the shared LXR/RXR/PPAR� binding sites
and compared this to LXR-RXR and PPAR�-RXR binding sites.
While our analysis showed that all DR elements are enriched at the
sites investigated, we found, as expected, that the DR4 element is
particularly enriched at LXR-RXR binding sites in vehicle-treated

liver (7.3-fold) and in “LXR-RXR-only” binding sites in
T0901317-treated liver (6.5-fold), whereas the DR1 element is
particularly enriched at PPAR�-RXR binding sites (7-fold) (Fig.
7A). At the shared LXR/RXR/PPAR� binding sites, the DR4 ele-
ment is slightly more enriched than the DR1 element in vehicle-
treated liver (6.7-fold versus 6.4-fold), whereas the DR1 element is
most enriched in the group of binding sites that are shared be-
tween LXR and RXR in T0901317-treated liver and PPAR� in
vehicle-treated liver (6.2-fold). A similar result was reached when

FIG 7 LXR and PPAR� bind to common binding sites in a mutually exclusive manner. (A) Direct repeat motif search (RGKTCA[1.. . .5]RGKTCA) on LXR and
PPAR� genomic binding regions in mouse liver treated with vehicle (veh) and T0901317 (T09). LXR-RXR (T09) refers to LXR-RXR binding sites in T0901317-
treated liver that are not overlapping with PPAR� binding sites. (B) Web logos of DR1 and DR4 sequence motifs identified by de novo motif search on
PPAR�-RXR (vehicle) and LXR-RXR (vehicle) binding sites (ROC_AUC � 0.632/0.744). (C) Fold enrichment over background of DR1 and DR4 de novo motifs
(FDR of 1%). (D) Fraction of peaks with either a single de novo DR1 or DR4 motif or both. (E) Distance between peak centers of overlapping LXR, RXR, and
PPAR� peaks determined by FindPeaks. Distances were calculated for each site and are shown as 25-bp bins. (F) ChIP-reChIP on liver chromatin from wild-type
mice treated with 30 mpk T0901317 24 h and again 8 h before euthanasia. Bars indicate reChIP recoveries when using an antibody against LXR in the first ChIP
and against either RXR, PPAR�, or IgG in the second ChIP (left y axis), as well as when using an antibody against PPAR� in the first ChIP and against either RXR,
LXR, or IgG in the second ChIP (right y axis). Bars represent the mean plus range of data from two mice.
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using DR4 and DR1 de novo motifs (GimmeMotifs, FDR of 1%)
(83) identified in the LXR-RXR and PPAR�-RXR groups, respec-
tively (Fig. 7B and C).

Since both DR4 and DR1 elements are enriched at the shared
LXR and PPAR� binding sites, we asked whether the overlapping
binding of LXR and PPAR� is the result of receptor binding to
adjacent DR1 and DR4 elements or whether LXR and PPAR�
could bind to the same response element. We therefore deter-
mined the number of shared binding sites that contain only a DR1
element or only a DR4 element or both elements. We found that
10.4% and 4.0 to 8.0% of the sites contained only a DR1 element
or a DR4 element, respectively, while just 0.4 to 0.8% of the sites
contained two separate DR1 and DR4 elements (Fig. 7D). The low
percentage of sites with DR1 or DR4 elements indicates that the
LXR-RXR as well as the PPAR�-RXR heterodimer binds to fairly
degenerate DR elements in the liver. In these analyses, the strin-
gency needs to be relatively high in order to distinguish between
the different types of DR elements. When less stringent criteria
that do not differentiate between the different DRs to the same
extent are used in the motif search, 31% of the shared LXR/RXR/
PPAR� sites (vehicle) have a DR4 element, whereas 67% have a
DR1 element.

The fact that many sites have no (80.8 to 85.2%) or only one
(14.4 to 18.4%) DR1 or DR4 element per binding site that is rec-
ognized by the high-stringency motif search indicates that at the
shared binding sites, LXR-RXR and PPAR�-RXR are quite pro-
miscuous and are recruited to rather degenerate DR motifs. It is
possible that these heterodimers are being recruited to the same
degenerate DR elements, or they could be recruited to separate
degenerate DRs. To further investigate this, we determined the
distance between peak centers of LXR and PPAR� at the shared
binding sites and compared this to the distance between LXR and
RXR peak centers and PPAR� and RXR peak centers. Since LXR
and PPAR� bind to DNA as obligate heterodimers with RXR, we
reasoned that the distance to the RXR peak center would represent
the distance that one can expect when comparing the binding of
two transcription factors that bind to the same response element.
We found that the average distance between LXR and PPAR�
peak centers (56 bp) is very close to the average distances between
peak centers of LXR-RXR and PPAR�-RXR (52 and 51.6 bp, re-
spectively) and that the distribution pattern is highly similar (Fig.
7E). This suggests that LXR-RXR and PPAR�-RXR are binding to
the same or overlapping degenerate response elements at these
sites.

Because our data indicated that LXR and PPAR� bind to over-
lapping sites in vivo and that these sites show enrichment of the
DR1 element, we reinvestigated whether LXR in the presence of
RXR could bind directly to DR1 elements in vitro using gel mobil-
ity shift assays. For probes we used the acyl-coenzyme A oxidase
(Aco) DR1, which is known to bind the PPAR�-RXR heterodimer
in vitro (81), as well as two DR1 elements identified by nuclear
hormone receptor (NHR) scan (66) as the only DR elements pres-
ent in sequences under shared LXR/RXR/PPAR� peaks at the
proximal promoters of the Rrbp1 and Adcy10 genes, respectively
(see Fig. S11A and S11B in the supplemental material). As ex-
pected, LXR-RXR binds to the SREBP-1c DR4 LXRE (61),
whereas PPAR�-RXR binds to the Aco, Rrbp1, and Adcy10 DR1
elements. However, although LXR binds to sequences containing
these DR1 elements in vivo (see Fig. S11), we failed to detect bind-
ing of LXR-RXR to these same sequences in vitro (see Fig. S12).

This indicates that the chromatin context as well as cobinding
proteins, including other transcription factors, associated with
chromatin, plays a major role in determining whether a response
element is recognized or not. The fact that the shared LXR/RXR/
PPAR� binding sites align with highly open chromatin regions
(ENCODE DHS data [see Fig. S9A and Fig. S9B]) suggests that
chromatin accessibility may be contributing to DR promiscuity.

LXR and PPAR� bind to overlapping sites in a mutually ex-
clusive manner. As our results indicated that LXR and PPAR�
bind to adjacent or overlapping response elements, we wanted to
investigate whether they do that simultaneously through a com-
mon protein complex or sequentially through different protein
complexes. ChIP-reChIP experiments with the livers from WT
mice treated with T0901317 for 24 h (Fig. 7F) showed that as
expected, LXR and RXR cooccupy the SREBP-1c LXRE (61),
whereas PPAR� and RXR specifically cooccupy the Hmgcs2 PPRE
(65). At the shared LXR/RXR/PPAR� sites within the Ehhadh and
Agpat2 gene loci (Fig. 6A and B), both LXR and PPAR� show
cooccupancy with RXR. Similar results were reached when ana-
lyzing the shared LXR/RXR/PPAR� binding sites in the Pcp4l1
and Snrk gene loci, which are rare examples of sites that display
adjacent DR1 and DR4 elements as well as the shared binding site
in the Adcy10 locus which harbors a single consensus DR1 that is
not bound by LXR in vitro (see Fig. S12 in the supplemental ma-
terial). However, we were unable to detect cooccupancy of LXR
and PPAR� at any investigated sites using an LXR antibody in the
first ChIP and a PPAR� antibody in the second ChIP or vice versa
(Fig. 7F and results not shown). Taken together, these data indi-
cate that LXR-RXR and PPAR�-RXR heterodimers are recruited
to shared binding sites in a mutually exclusive manner.

Extensive overlap between nuclear receptor binding sites in
mouse liver. To determine whether the sharing of binding sites is
a specific feature of LXR and PPAR�, we compared our data with
published mouse liver ChIP-seq data for the nuclear receptors
HNF4� (68), Rev-erb� (19), and FXR (80) as well as with two
other transcription factors that play important roles in hepatic
metabolic gene regulation, the CCAAT enhancer-binding protein
� (C/EBP�) (68) and sterol-responsive element-binding protein 2
(SREBP2) (71) (Fig. 8). The alignment shows that both LXR and
PPAR� binding sites overlap significantly with binding sites of the
other NRs investigated, as well as with C/EBP�. In fact, in vehicle-
treated liver, there are 2,000 LXR/RXR/PPAR� binding sites that
are also occupied by HNF4�, Rev-erb� (GW4064 treated), and
FXR. In contrast, there are very few binding sites of any of the
other transcription factors (TFs), except Rev-erb�, that overlap
with SREBP2 binding.

Functional cross talk between LXR and PPAR� agonism in
mouse liver. The extensive overlap between LXR and PPAR�
binding sites prompted us to investigate the possible cross talk
between LXR and PPAR� agonism. Mice were treated for 5 days
with vehicle, the LXR agonist T0901317, the PPAR� agonist feno-
fibrate, or both. Gene expression and physiological parameters
were compared between the different groups of mice. As expected,
LXR agonism resulted in induction of known hepatic LXR target
genes involved in cholesterol transport (e.g., Abcg5 and Abcg8)
(Fig. 9A). Likewise, PPAR� agonist treatment resulted in induc-
tion of known PPAR� target genes such as the liver-specific fatty
acid-binding protein (Fabp1) and Ehhadh (Fig. 9A and B). There
was no change in the expression of either LXR or PPAR� follow-
ing the different ligand treatments (data not shown). Interest-
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ingly, when investigating genes with nearby overlapping PPAR�
and LXR binding sites, we did observe interference between
PPAR� and LXR ligand treatments for genes that are mainly re-
sponsive to one agonist. Thus, PPAR� agonism reduced LXR ag-
onist activation of LXR-responsive genes (Abcg5, Abcg8, and Pn-
pla3), whereas LXR agonism reduced PPAR� agonist activation of
the PPAR� agonist-responsive gene (L-FABP) (Fig. 9A). This sug-
gests that binding of an activated PPAR� to a site where this re-
ceptor is not engaged in activation of gene expression may inter-
fere with the function of activated LXR binding to the same site
and vice versa. Whether this interference is due to coregulator
recruitment and/or competition for limiting amounts of RXR (26,
94) remains to be determined. Notably, however, other genes with
nearby shared LXR and PPAR� binding sites are activated (fatty
acid desaturase 2 [Fads2], adiponectin receptor 2 [Adipor2], and
Ehhadh) or repressed (phosphoenolpyruvate carboxykinase 1
[Pck1]) by both ligands, and in this case there is no interference
but rather an additive tendency of the agonists (Fig. 9B). Finally,
there are genes with nearby shared LXR and PPAR� binding sites
that are regulated only by either LXR agonism (Agpat2) or PPAR�
agonism (very long chain acyl-CoA synthetase, Slc27a2) without
interference from the other agonist (Fig. 9C). Thus, the functional
outcome of the LXR and PPAR� overlap appears to be determined
by the context of the genomic binding site(s) and the activity of the
individual receptors at the particular sites. This indicates that
cross talk is context dependent and less likely to arise from com-
petition for RXR.

In further support of functional cross talk between LXR and
PPAR� pathways, we found that fibrate treatment neutralized the

increased liver TG as well as hypertriglyceridemia displayed in
mice treated with LXR agonist (Fig. 9D), whereas there was no
effect of fibrate treatment on the elevated liver cholesterol levels
and hypercholesterolemia (Fig. 9E). Cumulatively, these data in-
dicate that there is significant cross talk between the LXR and
PPAR� gene programs in mouse liver, which may be due in part to
the sharing of genomic binding sites.

DISCUSSION

The critical role of LXR in liver cholesterol and fatty acid metab-
olism is well-known, but the genome-wide binding of this NR and
its obligate heterodimerization partner RXR has hitherto not been
investigated in the liver. Here we identify 12,605 RXR binding sites
and 3,771 LXR binding sites in the livers of vehicle-treated mice.
The number of RXR binding sites and the degree of binding are
dramatically increased by the LXR agonist T0901317, indicating
that LXR is a major heterodimerization partner for RXR at these
sites. Intriguingly, we find a substantial overlap between LXR and
PPAR� binding sites, indicating that LXR-RXR and PPAR�-RXR
heterodimers bind to overlapping regions in chromatin. Since we
did not detect any simultaneous binding of PPAR� and LXR to the
shared sites investigated, LXR does not appear to be recruited
indirectly via association with PPAR� and vice versa. Consistent
with this, the majority of PPAR� binding sites that overlap with
LXR are maintained in LXRdKO mice, i.e., PPAR� binding is not
dependent on LXR. Thus, LXR and PPAR� are most likely re-
cruited directly to most of the overlapping binding sites.

Notably, only a few percent of the LXR-RXR or PPAR�-RXR
binding sites contain a well-defined DR4 or DR1 element, respec-

FIG 8 Genome-wide cooccurrence of mouse hepatic transcription factors (TFs). Comparison of LXR, RXR, and PPAR� genome-wide binding with published
binding profiles of HNF4� and C/EBP� (68), Rev-erb� (19), FXR (80), and SREBP2 (71). The percentage of binding sites of the transcription factors on the y axis
that have any overlap (�1 bp) with binding sites for the TFs on the x axis was calculated for each pair and visualized as a heat map. The total number of binding
sites for each factor is indicated in parentheses after the TF name on the y axis.
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tively, indicating that these heterodimers bind to rather degener-
ate DR motif sequences. Our finding that LXR binds to a large
number of sites with no DR4 resemblance is consistent with the
results of Heinz and colleagues showing that a rather low percent-
age of the binding sites of LXR in macrophages have a sequence
that shows resemblance to the DR4 consensus sequence (22). Sim-
ilarly, PPAR� binds to a large number of sites with no DR1 resem-
blance. Since the binding of PPAR� and LXR receptors does not
appear to be interdependent, we consider it likely that the recep-
tors bind directly to overlapping or adjacent degenerate DR re-
sponse elements. This indicates that binding in a chromatin con-
text is significantly more promiscuous in terms of DNA sequence
than the in vitro binding properties that have been used to define
the consensus sequences. Furthermore, we suggest that this pro-
miscuity involves stabilizing protein-protein interactions with
other transcription factors binding to the enhancers, and/or the
impact of chromatin structure and epigenetic marks that in the
present case leads to clustering of LXR and PPAR� at transcrip-

tion factor “hot spots” (74) at open chromatin regions. An alter-
native explanation is that the vast majority of LXR-RXR and
PPAR�-RXR binding in the genome is indirect through tethering;
however, we consider this possibility unlikely, given the lack of
major interdependence between LXR and PPAR� binding.

We cannot formally show whether LXR-RXR and PPAR�-
RXR bind to the same or adjacent DR motif; however, the lack of
detectable cooccupancy of LXR-RXR and PPAR�-RXR to shared
sites and the overlap of the peak centers between LXR and PPAR�
tracks suggest that the receptors may bind to the same degenerate
element in a mutually exclusive manner. Interestingly, we identify
approximately 2,000 LXR/RXR/PPAR� binding sites that overlap
with previously reported hepatic binding sites for HNF4�, FXR,
and Rev-erb�. This indicates the existence of NR “hot spots” in
the liver to which multiple NRs bind. It appears unlikely that each
of these receptors would have their separate response elements
under the shared peaks, and we suggest that there is considerable
sharing of degenerate DR elements by these NRs. Traditionally,

FIG 9 Functional cross talk between LXR and PPAR� in mouse liver. Wild-type C57BL6 mice were treated with PPAR� agonist fenofibrate (FF) (200 mpk) (n �
7), LXR agonist T0901317 (T09) (30 mpk) (n � 8), both FF and T09 (200 and 30 mpk, respectively) (n � 8), or vehicle (n � 7) once daily for 5 days. On the fifth
day of treatment, the animals were sacrificed, and liver and plasma samples were taken. (A to C) mRNA levels of selected genes in liver samples as determined by
qPCR relative to cyclophilin A. PEPCK, phosphoenolpyruvate carboxykinase. (D) Liver and plasma triglyceride (TG); (E) liver and plasma total cholesterol.
Values that are significantly different by one-way ANOVA are indicated by black lines and the following symbols: �, P � 0.01; �, P � 0.05.
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this would have been considered to give rise to competition for
binding; however, recent data from Voss and colleagues using
ectopic expression of wild-type glucocorticoid receptor (GR) and
an estrogen receptor (ER) with a GR DNA binding domain (DBD)
indicate that the occupancy time for GR is so low (�10% of the
time) that there is no competition between the two types of recep-
tors binding to the same element (86). In fact, the receptors appear
to cooperate in gene activation although they use the same re-
sponse element. Our finding of extensive overlap between the
binding of multiple NRs is fully consistent with this work and
suggests that many response elements may serve multipurpose
functions in the liver.

It should be noted that although hepatocytes are by far the
most abundant cell type in the liver, comprising more than 60% of
all liver cells, the liver is a heterogeneous tissue consisting of at
least 15 different cell types (reviewed in reference 45). Since we did
not detect any simultaneous recruitment of LXR and PPAR� to
any of the shared LXR and PPAR� binding sites examined, we
cannot rule out the possibility that a certain part of the overlap
between LXR and PPAR� genomic binding could be due to con-
tributions from different cell types, i.e., that LXR binds to a par-
ticular site in one cell type, and PPAR� binds to the same site in
another cell type. Kupffer cells and the sinusoidal endothelial cells
are the most abundant nonhepatocyte cells, representing up to
20% and 15% of all liver cells, respectively (45). PPAR� is not
detected in isolated rat Kupffer cells (58), whereas LXR� is highly
expressed in these cells (90). It is therefore possible that a minor
portion of the detected LXR binding sites originate from Kupffer
cells and these sites would not have overlapping LXR and PPAR�
binding in hepatocytes.

At a functional level, it is intriguing that LXR and PPAR� seem
to bind to the same genomic sites, given that LXR and PPAR�
regulate opposing pathways in the liver. Thus, LXR has been
shown to activate the lipogenic gene program (8, 30, 61, 70),
whereas PPAR� activates fatty acid catabolism (32, 41). Consis-
tent with this, we show here that administration of the PPAR�
agonist fenofibrate alleviates the lipogenic effects of LXR activa-
tion and blunts LXR activation of specific LXR target genes. No-
tably however, there are also target genes where the two receptors
appear to cooperate in the activation of gene expression. This
indicates that the cross talk between LXR and PPAR� is context
dependent and not due to competition for limiting amounts of
RXR. Such context-dependent cross talk may arise through shar-
ing of direct target genes in a manner in which the two receptors
bind to different sites and either cooperate or antagonize the ac-
tion of each other. However, our data demonstrating an extensive
overlap between the binding sites of LXR and PPAR� in mouse
liver indicate that a novel level of cross talk exists.

In conclusion, we provide the first in vivo genome-wide map of
hepatic binding of the NRs LXR, PPAR�, and their common
dimerization partner RXR and demonstrate a surprising overlap
between the binding sites of LXR and PPAR�. Our data indicate
that this represents a new level of potential cross talk between LXR
and PPAR� that can be positive as well as negative. Future studies
should be directed toward unraveling the molecular mechanisms
of this cross talk.
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